Abstract. In the present study, the effects of silibinin-loaded thermosensitive liposome-microbubble complex (STLMC) on rabbit liver VX2 tumors in sub-hyperthermia fields were investigated using two-dimensional ultrasonography (2D US), contrast-enhanced US (CEUS), hematoxylin and eosin (H&E) staining, immunohistochemistry and ultrastructure observation. 50 rabbits with VX2 liver tumors were divided into five groups: Sub-hyperthermia microwave ablation group (SHM), STLMC injection group (STLMC), SHM ablation plus STLMC injection group (SHM + STLMC), microbubble injection group and blank control group without any treatment. Rabbits in each group were examined using 2D US and CEUS in order to evaluate the tumor volume and diameter before treatment and at day 7 and 21 after treatment. Morphology, expression of CD163 and CD206, and ultrastructure of the tumors were assessed. The average post-treatment volume of tumors in group SHM + STLMC was 1.17±0.88 cm 3 at day 7 and 2.15±0.96 cm 3 at day 21, which was significantly decreased compared with all other groups (P<0.05). H&E staining indicated that the number of disordered macrophages in the SHM + STLMC group significantly increased compared with the other groups (P<0.05). Immunohistochemical results demonstrated that in the SHM + STLMC, the expression of CD163 and CD206 significantly decreased compared with all other groups (P<0.05). These results suggested that STLMC has a potential function in preventing tumor growth, which may be due to its inhibitory effect on tumor-associated macrophages in the tumor microenvironment.
Introduction
Primary liver cancer is the sixth most commonly occurring cancer type in the world and the second largest contributor to cases of cancer-related mortality (1) . In recent decades, thermal ablation technology in the treatment of liver tumors has developed rapidly. By increasing the temperature above 50-60˚C on the treatment region for a few sec, ablation treatment reliably necrotizes viable tissues (2) . However, therapeutic effects of ablation treatment on hepatocellular carcinoma (HCC) are limited by multiple factors. For example, because of the 'heat-sink effect', it is difficult to achieve high temperatures in areas located next to the large vessels (3) . Therapeutic ranges of ablation were also affected by the different tumor locations. Therefore, the heterogeneity of temperature distribution results in sub-hyperthermia fields (41-50˚C), which may be the reason for residual tumors after thermal ablation treatment (4, 5) .
The tumor inflammatory microenvironment, which consists of stromal cells, inflammatory cytokines and extracellular matrix proteins, serves critical functions in liver fibrosis, hepatocarcinogenesis, epithelial-mesenchymal transition (EMT), tumor invasion and metastasis (6, 7) . Among the stromal cells within the inflammatory microenvironment of the HCC, tumor-associated macrophages (TAMs) are critical components of tumor-related inflammation (8) . Previous studies have demonstrated that TAMs are primarily polarized towards alternatively activated macrophages (9, 10) with the markers of CD163, CD301 and CD206 (11, 12) , which are thought to be closely associated with the angiogenesis, immunosuppression and activation of tumor cells (6) .
Silymarin and its major constituent, silibinin, are extracted from the medicinal plant Silybum marianum (milk thistle) (13) . Previous studies reported that silibinin can inhibit multiple cancer cell signaling pathways, including inhibition of growth and angiogenesis, and regulation of EMT (13) (14) (15) . However,
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its poor permeability and targeting has limited its biological effects (16, 17) . In a previous study by the current group, a new drug carrier was designed, combining thermosensitive liposome with ultrasound contrast agent microbubbles. The silibinin was loaded within the thermosensitive liposome, of which the entrapment efficacy could reach 71.0±8.3% (18) . Destruction of microbubbles by high-intensity ultrasound opened the vascular endothelial barrier (19) , and the thermosensitive liposome was able to be released in sub-hyperthermia fields. At the temperature of 40-42˚C, the average release percentage was >50% (18) . In order to investigate the effects of silibinin-loaded thermosensitive liposome-microbubble complex (STLMC) in vivo, in the present study, low-power microwaves were used to simulate sub-hyperthermia fields, and STLMC was used to treat rabbit liver VX2 tumors. The effects on growth of tumors and histopathology were observed, and the potential association with TAMs was evaluated.
Materials and methods

Animals.
The experiments were approved by the Institutional Animal Care and Use Ethics Committee of the Fourth Military Medical University (Xi'an, China). A total of 60 healthy adult male New Zealand white rabbits (age, 12 weeks; weight, 2.75±0.25 kg) were purchased from the Laboratory Animal Center of Fourth Military Medical University. One tumor-bearing adult male New Zealand white rabbit (age, 12 weeks; weight, 2.5 kg) with VX2 tumor in the thigh was purchased from the Lianyungang Second People's Hospital (Lianyungang, China). The rabbits were maintained under a 12-h light/dark cycle under constant temperature of 20±5˚C and 60-65% humidity, and received a standard laboratory diet and drinking water.
Implantation process of VX2 liver tumors. The VX2 tumor tissue in the thigh of the tumor-bearing rabbit was resected and cut into pieces ~1 mm 3 in size under sterile conditions. The 50 recipient animals were anesthetized by ear vein injection with 3% pentobarbital solution (30 mg/kg), and their abdomens were shaved and prepared with povidone iodine. Guided by a conventional ultrasound image, a 16-gauge puncture needle carrying 2-3 fragments of tumor tissue and one small piece of gelatin foam was percutaneously inserted into the hepatic parenchyma, and then the tumor tissues were injected and implanted (20) .
Establishment of sub-hyperthermia field.
A microwave electrode (ECO-100C; ECO Medical Instrument Co., Ltd., Nanjing, China) was employed for ablation on the liver of 10 rabbits. With guidance of ultrasound, the microwave needle was inserted into normal rabbit liver tissue. In order to imitate sub-hyperthermia field at 40-42˚C, three different output powers of 20, 25 and 30 W were set for ablation. The procedure was scheduled as follows: Ablation was maintained for 1 min, then the power was turned to 0 W for 1 min, then repeated for 10 min in total. A thermocouple needle (HYP3-16-1-1/2-K-G-48-SMPW-M; Omega Bio-Tek, Inc., Norcross, GA, USA) was placed at three different distances from the microwave needle (5, 10 or 15 mm), and connected with a thermometer (HH11B; Omega Bio-Tek, Inc.), which reported the temperature data digitally. The temperature, microwave output power and duration were recorded and used to determine microwave output power and duration for achieving a 40-42˚C thermal field.
Intervention on VX2 tumors. Fourteen days after implantation of VX2 tumors, the recipient animals were assigned to five groups (10 animals per group): Sub-hyperthermia microwave ablation group (SHM), STLMC injection group (STLMC), SHM ablation plus STLMC injection group (SHM + STLMC), microbubble group (MB) and blank control group (BL). Rabbits in each group were fasted for 24 h before treatments, then anesthetized by ear vein injection with 3% pentobarbital solution (30 mg/kg).
In the SHM group, under ultrasound guidance, the microwave needle was inserted into the tumor percutaneously, in order to establish the sub-hyperthermia field according to the aforementioned parameters of output power and ablation time.
In the STLMC group, 8 ml STLMC solution (containing 8 µg/ml silibinin, which was purchased from the National Institutes for food and drug control, Beijing, China; 110856-201506), supplied by Department of Ultrasound, Xijing Hospital, Fourth Military Medical University) was continuously pumped via the ear vein for 10 min (18), then 2 ml 0.9% normal saline solution was injected. Simultaneously, an ultrasound probe (L522; Esaote SpA, Florence, Italy) was used to scan the tumor region in flash mode with 100% power, in order to destroy the microbubbles.
In the SHM + STLMC group, 10 rabbits with VX2 tumors in this group were treated according to the two aforementioned methods.
In the MB group, 8 ml SonoVue solution (Bracco SpA, Milan, Italy) was injected by a pump via the ear vein. The ultrasound probe was used to destroy the microbubbles in flash mode with 100% power.
The animals in the BL group received no treatment. In each group, 5 animals were sacrificed at day 7 and 21 after treatment, respectively.
2D ultrasonography (US).
Before and after treatment, 2D US was employed to determine the position of tumors and measure the length (L), width (W), and depth (D) of VX2 tumors using a 7.5-MHz linear probe (L522) and Mylab90 ultrasound imaging system (Esaote SpA). The tumor volume (V) was calculated with the formula:
Contrast-enhanced US (CEUS).
Before and after treatment, animals were injected with 0.2 ml SonoVue and 2 ml 0.9% saline via ear vein for enhanced images on MyLab 90 system (Esaote SpA) with L522 probe. The maximum diameter of tumor was measured. The contrast enhanced cine loops were observed and stored in the equipment.
The blood flow distribution of the tumors in CEUS was evaluated and classified with four grades: 0, non-perfusion; 1, dot-like perfusion; 2, strip-like perfusion; 3, island perfusion.
Hematoxylin and eosin staining (H&E).
Rabbits were administered with 3% pentobarbital solution (30 mg/kg) and euthanized using air embolization. VX2 tumors were excised, fixed in a 10% neutral formalin solution for 24 h under constant temperature of 22±2˚C and embedded in paraffin. Tumor sections (5 µm) were prepared for hematoxylin and eosin staining (with hematoxylin for 10 min and eosin for 1 min at room temperature). The sections were observed under a light microscope by an experienced pathologist. In each animal, five sections with 10 random areas each were examined at x200 magnification.
Immunohistochemistry. The excised VX2 tumor tissues were fixed in 4% (w/v) paraformaldehyde for 24 h at room temperature, embedded in paraffin and sliced into 4 µm sections. Tissue sections were deparaffinized in xylene and hydrated gradually through graded alcohol and processed with Tris/EDTA buffer solution (pH 9.0) and high pressure cooker, >120˚C for 3 min. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide for 15 min. The slides were then blocked with 10% goat serum (AR0009, Boster Biological Technology Co., Ltd., Wuhan, China) for 2 h at room temperature, and primary antibodies of CD206 (1:25, ab117644; Abcam, Cambridge, UK) and CD163 (1:50, ab111250; Abcam) were applied overnight at 4˚C. The biotin-labeled secondary antibody (KIT-7710; Maixin Biotech Co., Ltd., Fuzhou, China) was applied for 1 h at room temperature. The sections were stained at room temperature with diaminobenzidine tetrahydrochloride (Maixin Biotech Co., Ltd.) for 50 sec and finally counterstained with hematoxylin for 8 min. Sections stained in the absence of primary antibodies were used as negative controls.
Five slides from each animal were examined under light microscopy. The proportion of positive cells was estimated among the total number of the cells by observing five random fields at x400 magnification.
Transmission electron microscope (TEM).
The previously embedded tumor tissues were divided into 1 mm 3 pieces and fixed with 2.5% glutaraldehyde and 4% paraformaldehyde for 2 h at 4˚C. Then, using standard procedures, ultra-thin (50 nm) sections were prepared and stained with uranyl acetate (for 30 min at 35˚C) and lead citrate (for 10 min at 20˚C), and changes in the macrophages were observed using TEM (Tecnai Spirit, Hillsboro, Oregon State, USA). In each group, 100 fields of vision were randomly selected to observe the ultrastructure (magnification x6,000).
Statistical analysis. SPSS software (version 22.0, IBM Corp., Armonk, NY, USA) was used to analyze the data. Data were presented as the mean ± standard deviation. One-way analysis of variance and the least significant difference test were used to analyze the differences among multiple groups. Differences between two groups were assessed with Student's t-test or Chi-squared test. P<0.05 was considered to indicate a statistically significant difference.
Results
Establishment of sub-hyperthermia field. Fig. 1 indicates the thermometry results of using different microwave output powers and distances. Via microwave ablation with 20 W output power for 1 min ablation with 1 min interval, the simulative sub-hyperthermia field (40-42˚C) was established in the areas, with 10 mm distance to the microwave needle.
2D US of rabbit liver VX2 tumor. The tumor volumes of the five groups are shown in Fig. 2 . Before ablation, there were no significant differences in tumor volume between groups (P>0.05). However, the volume of tumors in the SHM + STLMC group on days 7 and 21 after surgery were 1.17±0.88 and 2.15±0.96 cm 3 , respectively, which was significantly lower compared with the other four groups (P<0.05) at the same time points.
CEUS of rabbit liver VX2 tumor. CEUS indicated distinct peripheral enhancement of VX2 tumors at the early arterial phase and then quick washout of contrast agents. The maximum tumor diameters in the five groups measured by CEUS are shown in Fig. 3 . Before ablation, there were no significant differences between groups (P>0.05). The maximum diameter of the tumors on days 7 and 21 after surgery in the SHM + STLMC group were significantly smaller compared with the other groups (P<0.05) at the same time points. No significant differences in the maximum diameter were observed between days 7 and 21 in the SHM + STLMC group (P>0.05).
The typical CEUS images of each group on day 7 after the treatment are shown in Fig. 4 . Table I presents the blood flow distribution of tumors measured by CEUS. Statistical analysis indicated that postoperative blood flow on days 7 and 21 was significantly reduced in the SHM + STLMC group compared with other groups (P<0.05).
TEM of rabbit liver VX2 tumor. At day 7 after treatment, macrophages with obvious tumefaction of mitochondria, blurred and indistinct mitochondrial cristae, a decreasing number of lysosomes and increased heterochromatin within the cell nucleus were observed in the SHM + STLMC group (Fig. 5A) . At day 21 after treatment, changes in macrophages were observed in the SHM + STLMC group, including the enlargement of the cell nucleus, disproportionality of endochylema, margination of nuclear chromatin, expansion of endoplasmic reticulum and decreased lysosomes (Fig. 5B) . Compared with other groups, the number of damaged macrophages significantly increased in the SHM + STLMC group (P<0.05; Table II ). This damage was significantly increased on day 21 compared with day 7 (P<0.05).
By using TEM, other inflammatory cells were observed in the SHM + STLMC group at day 21. Plasmacytes with an increased block of heterochromatin distributed across one side of the nuclear membrane, blurred and indistinct mitochondrial cristae and augmented volume were observed. Morphological abnormalities were observed in lymphocytes, with decreased ribosomes and dilated rough endoplasmic reticulum. In monocytes, enlarged nuclei and disordered nucleus-cytoplasm ratios were widespread phenomenon. Decreased organelles, including mitochondria, ribosomes and phagocytic vesicles, could be observed in the monocytes, as well as the emergence of apoptotic bodies and nuclear chromatin clumping.
However, the morphology of macrophages was basically normal in the STLMC group, and the mitochondria of macrophages were mildly swollen in SHM group (Fig. 5C) . The morphology and structure of macrophages and other inflammatory cells were basically normal in the MB and BL groups.
Histopathology of rabbit liver VX2 tumor.
A large number of macrophages with larger volume and irregular shape were observed, with hyperchromatism in the SHM + STLMC group. Macrophages with multiple nuclei were detected around the tumor tissues and necrotic areas in the SHM + STLMC group ( Fig. 5D and E) . In the STLMC and SHM (Fig. 5F ) groups, a small number of abnormal macrophages were observed. In the MB and BL groups, the general morphology of cells was normal. The number of disordered macrophages in the SHM + STLMC group at days 7 and 21 were 16.86±5.33 and 19.12±4.12/high power field (HPF), respectively, which was a significant increase compared with the other groups (P<0.05; Table III ). Table I . Blood flow distribution of tumors measured by contrast-enhanced ultrasonography. Group  Grade 0  Grade 1  Grade 2  Grade 3  Grade 0  Grade 1  Grade 2 Immunohistochemical study. Macrophages were examined using immunohistochemical detection of CD163 and CD206. A small number of cells were positively stained for these macrophage markers in the SHM + STLMC group, while CD163 and CD206 cells were numerous in other groups (Fig. 6 ). In the SHM + STLMC group, a significant decrease in the expression of CD163 was detected in the ablated regions and surrounding areas compared with other groups (P<0.05; Fig. 7 ). The expression of CD206 was also significantly decreased in the SHM + STLMC group compared with other groups (P<0.05; Fig. 7 ). No significant difference in the expression of Table II . Number of damaged macrophages observed under transmission electron microscopy. ----------------------------------------------------------------------------------------------------------------------------------------------------------- (A) TEM image of the SHM + STLMC group at day 7 after treatment (scale bar=1 µm; a magnification x6,000 was used for counting and a magnification of x15,000 was used for observing and presenting the ultrastructure). Increased nucleus size, chromatin margination (black arrow), cell vacuolation (white arrow) and a decreased number of organelles were observed. (B) TEM image of the SHM + STLMC group at day 21 after treatment (scale bar=1 µm; a magnification x6,000 was used for counting and a magnification of x15,000 was used for observing and presenting the ultrastructure). Chromatin margination and increased heterochromatin (black arrow), damaged organelle (white arrow) were observed. (C) TEM image of the SHM group at day 7 after treatment (scale bar=1 µm; a magnification x6,000 was used for counting and a magnification of x15,000 was used for observing and presenting the ultrastructure). Cell vacuolation (white arrow) was observed. (D) H&E staining of the SHM + STLMC group at day 7 after treatment (scale bar=20 µm; a magnification of x200 was used for counting and a magnification of x400 was used to observe the macrophages). Damaged macrophages were observed in the ablated area (black arrow). (E) H&E staining of the SHM + STLMC group at day 21 after treatment (scale bar=20 µm; a magnification of x200 was used for counting and a magnification of x400 was used to observe the macrophages). Damaged macrophages were observed in the ablated area (black arrow). (F) H&E staining of the SHM group at day 21 after treatment (scale bar=20 µm; a magnification of x200 was used for counting and a magnification of x400 was used to observe the macrophages). Damaged macrophages were observed in the ablated area (black arrow). TEM, transmission electron microscopy; H&E, hematoxylin and eosin; SHM, sub-hyperthermia microwave ablation; STLMC, silibinin-loaded thermosensitive liposome-microbubble complex.
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CD206 or CD163 was observed between days 7 and 21 in the SHM + STLMC group (P>0.05).
Discussion
Local thermal ablation has become the most widely used method in recent decades because of its technical ease, satisfactory local tumor control and minimally invasive nature (21) . However, unfortunately, thermal ablation in HCC treatment is inevitably linked to the development of residual tumors (22) . One explanation for this is the heat sink effect, which forms a sub-hyperthermia field at <50˚C. As previous research has demonstrated, considerable heat sink effect is observed within a diameter of 15 mm of simulated vessels, depending on flow rate (23) . Therefore, reducing the residual tumors and promoting the long-term efficacy has become a major research focus and various trials have been implemented in the last decade. Feng (24) demonstrated that combining sequential transarterial chemoembolization with radiofrequency ablation (RFA) could obtain a remarkable therapeutic efficacy on HCC. Solazzo et al (25) demonstrated that combining RFA Table III . Number of damaged macrophages observed under light microscopy.
Day 7
Day 21 with liposomal doxorubicin increases cell injury and apoptosis. A previous study by the present group indicated that combining high-intensity focused ultrasound and injection of microbubbles could expand the effective ablation zone in the treatment of rabbit VX2 liver tumors, thereby decreasing residual tumors (26) . In the current study, simulative sub-hyperthermia field was established and an innovative drug carrier, STLMC, was applied to thermal ablation in order to suppress the growth of VX2 tumors and enhance the effect of thermal ablation. In recent decades, numerous studies have identified that silibinin has anticancer and chemopreventive properties in in vivo and in vitro cancer models, including lung, brain and kidney cancer (27) (28) (29) (30) . However, silibinin has poor therapeutic efficacy by oral administration, which may be explained by its poor bioavailability and inadequate water solubility (<0.04 mg/ml), owing to its flavonolignan structure (17) . The drug carrier STLMC is composed of microbubbles and liposomes. Microbubbles are destroyed in ultrasound fields and the drugs in the thermosensitive liposome are released in sub-hyperthermia fields. This is considered to enhance the targeting and availability of silibinin (18) . In the current study, the tumor volume in the SHM + STLMC group was smaller compared with the other groups at the same time point, which may be due to the effects of silibinin.
By TEM and H&E staining, it was observed in the present study that the number of damaged macrophages increased obviously in the SHM + STLMC group. Meanwhile, numerous inflammatory cells were injured, and apoptotic bodies emerged. This may indicate that the microenvironment was influenced by silibilin being released in sub-hyperthermia fields.
Several previous studies have reported that an increased number of TAMs is closely associated with the angiogenesis, metastasis and poor prognosis of tumors (31) (32) (33) (34) . Thus, inhibiting TAMs has become a new targeting approach to treat cancers. In the present study, immunohistochemistry results indicated that the cells that expressed CD163 or CD206 in the SHM + STLMC group were obviously decreased compared with other groups. Since TAMS exhibit specific and high expression levels of CD163 and CD206, these results demonstrated that STLMC may control the progress of residual tumors via inhibiting TAMs. Furthermore, under TEM, the macrophages were damaged more seriously on day 21 compared with day 7 in the SHM + STLMC group, and an increased number of damaged macrophages at day 21 SHM + STLMC group was indicated. This may suggest that the inhibitory effect of STLMC on TAMs is enhanced over time.
STLMC could provide a potential method for increasing the efficacy of thermal ablation. However, the mechanisms by which it inhibits TAMs remain unclear. Inflammatory factors, including NF-κB and TGF-β, may serve critical functions in modulating the interactions between TAMs and their surrounding microenvironment (35, 36) . In the sub-hyperthermia field with STLMC, further research is required to confirm whether the changes observed in TAMs is associated with these inflammatory factors.
For the present study, STLMC was injected within a 10 min period. This administration over a short period may not achieve the satisfactory therapeutic effect. The results of this preliminary study prompt further investigation into the effects of STLMC during ablation, including the local drug concentration and observation of long-term effects. In summary, when STLMC was involved in the sub-hyperthermia field, a significant decrease in tumor volume accompanied by lower levels of TAMs were observed, which may offer an efficient method to enhance ablation therapy and reduce the occurrence of residual tumors.
